borealis minigene constructs injected into oocytes. However, a more general test of the importance of IGS subrepeats for nuclear dominance in vivo has not been conducted. In this report, rRNA gene expression was examined in inter-population hybrids of the marine copepod T. californicus. This species offers a rare opportunity to test the role of IGS subrepeats in nucleolar dominance because the internal subrepeat structure, found in the IGS of virtually all animal and plant species, is absent in T. californicus. Our results clearly establish that nucleolar dominance occurs in F 1 and F 2 inter-population hybrids of this species. In the F 2 generation, nucleolar dominance appears to break down in some hybrids in a fashion that is inconsistent with a transcription factor titration model. These results are significant because they indicate that nucleolar dominance can be established and maintained without enhancer-bearing repeat elements in the IGS. This challenges the generality of the enhancer-imbalance model for nucleolar dominance and suggests that dominance in rRNA transcription in animals may be determined by epigenetic factors as has been established in plants.
INTRODUCTION
A common pattern of altered gene expression in inter-specific hybrids is the uniparental transcriptional silencing of ribosomal RNA (rRNA) genes. In non-hybrid diploid genomes, rRNA gene clusters on homologous chromosomes are both expressed, but in inter-specific hybrids, transcription of the array from one parent is frequently silenced (e.g., Blackler and Gecking 1972) . This pattern of expression, called nucleolar dominance, is a hybrid phenomenon that has been documented in many inter-specific plant and animal hybridizations (Reeder 1985 , Pikaard 2000ab, Grummt and Pikaard 2003 . Despite the widespread occurrence of nucleolar dominance little is known about how the pattern of dominance is established or why it occurs.
The rRNA gene family in plants and animals consists of tandemly arrayed repeats of the 18S, 5.8S, and 28S structural genes (Long and Dawid 1980) . Each repeat unit consists of all three structural genes and the cis-regulatory elements necessary for transcription initiation and termination. Regulatory features are located in the inter-genic spacer (IGS) and typically include a promoter and arrays of internal subrepeats thought to act as enhancers of transcription. (Busby and Reeder 1983, Labhart and Reeder 1984) . The broad conservation of enhancer function of these subrepeats in Drosophila (Grimaldi and Di Nocera 1988), Xenopus (Pape et al. 1989) , and mouse (Kuhn et al. 1990 ) and structural similarities across eukaryotes suggest broad conservation of function (Reeder 1990 ). Transcription of the ribosomal genes is accomplished by RNA polymerase I (Pol I). This polymerase and its associated transcription factors are dedicated solely to transcription of the rRNA genes and promoter recognition is specific to the promoter in Flowers and Burton, page 5 the IGS (Grummt 2003) . This dedication of Pol I transcription apparatus to a single family of genes may facilitate rapid coevolution of components of the Pol I transcription apparatus to the rRNA gene promoter (Grummt et al. 1982) . Tests of this hypothesis have demonstrated that the RNA Pol I transcription apparatus is not inter-changeable among distantly related species such as mouse and human (Grummt et al. 1982) and Drosophila virilis and D. melanogaster (Kohorn and Rae 1982) . In most cases, it is unclear how this unusual feature of the rRNA transcription apparatus may contribute to nucleolar dominance (Reeder and Roan 1984 , Miesfeld et al. 1984 , Reeder 1985 , Frieman et al. 1999 ).
Studies of inter-specific hybrids between Xenopus laevis and X. borealis have suggested a mechanism for nucleolar dominance. In hybrids, X. laevis rRNA genes are transcriptionally dominant over X. borealis (Honjo and Reeder 1973) . Transcriptional silencing of X. borealis genes has been hypothesized to result from the ability of the X. laevis cluster to more effectively sequester limiting transcription factors (Reeder and Roan 1984) . Support for this model has come from transcription assays with artificial minigene constructs. When constructs bearing X. laevis regulatory elements are coinjected into oocytes with constructs containing X. borealis regulatory features, the X. laevis construct shows transcriptional dominance, thus mimicking the situation observed in inter-specific hybrids. These assays have suggested that transcriptional dominance could be conferred to X. laevis genes as a result of four-fold more enhancers (Reeder and Roan 1984) or stronger spacer promoters (i.e., repeated promoter-like sequences necessary for full enhancer function in Xenopus; Caudy and Pikaard 2002) in the X.
Flowers and Burton, page 6 laevis IGS. Either of these mechanisms could deprive the X. borealis genes of transcription factors and result in transcriptional dominance of X. laevis arrays.
This enhancer-imbalance model is attractive because it explains all general features of the phenomenon of nucleolar dominance and simultaneously explains how transcriptional dominance is established and maintained through subsequent cell divisions (Reeder 1985) . However, this model has recently come under scrutiny because of evidence that enhancer-imbalance may not contribute to nucleolar dominance in plant hybrids (Chen et al. 1998 , Frieman et al. 1999 . Studies of allotetraploid hybrids in Brassica and Arabidopsis have clearly established that modifications to chromatin structure are at least partially responsible for rRNA gene silencing. Nucleolar dominance in these species appears to be an epigenetic phenomenon that is inherited through chromatin modifications that are introduced by a self-reinforcing cycle of cytosine methylation and histone deacetylation Pikaard 1997, Lawrence et al. 2004 ). Although it is not clear how the repressive chromatin state of the under-dominant array is originally specified, modifications to chromatin structure account for how transcriptional silencing occurs and how the transcriptional status of genes can be transmitted through subsequent cell divisions.
The importance of chromatin configuration raises questions about the relationship between the nucleolar dominance-like pattern observed in assays with artificial minigene constructs in Xenopus and the phenomenon of nucleolar dominance. It may be that the enhancer-imbalance mechanism at work in transcription assays does not contribute to nucleolar dominance in the chromosomal context of a hybrid nucleus (Caudy and Pikaard 2002) . If so, this may indicate that enhancer-bearing subrepeat elements, which are thought to be important in nucleolar dominance in Xenopus, may not be necessary for either the establishment or maintenance of nucleolar dominance.
An unusual feature of the rRNA gene array in the marine copepod Tigriopus californicus provides a means for assessing the role of subrepeat elements in nucleolar dominance. In a recent survey of genetic variation in the rRNA gene cluster, we found substantial interpopulation divergence in the most conserved section of the IGS and the external transcribed spacer (ETS, Burton et al. 2005) . Uncorrected inter-population divergences in this region were found to exceed 10% among all populations and exceeded 35% between northern populations and a partially reproductively isolated population in Baja California, Mexico (Ganz and Burton 1995) . In addition to extensive IGS divergences, the region upstream of the transcription initiation site does not contain subrepeats (Burton et al. 2005) . In other species, these subrepeats are known to contain enhancers of transcription and are otherwise a characteristic feature of animal IGS sequences (Reeder 1990) . Because these repeats are hypothesized to contribute to nuclear dominance (Reeder and Roan 1984) , studies of ribosomal gene expression in T. californicus hybrids may provide new insight into the mechanism(s) responsible for uniparental silencing of rRNA genes.
Here we report patterns of rRNA gene expression in inter-population hybrids of T.
californicus. We assess whether transcription of rRNA is biased in F 1 and F 2 hybrids and PCR products were visualized with ethidium bromide-stained agarose gels and quantified with Hoechst Dye on a fluorescence plate reader. PCR controls for contamination of RNA with genomic DNA were conducted for all samples. In this control, DNase-treated RNA was added directly to a PCR reaction. Samples were considered free of contaminating DNA if PCR amplification failed. In some cases, contaminating genomic DNA was detected and a second DNase treatment was conducted. These samples were checked a second time for DNA contamination prior to cDNA synthesis.
The donor probe (5'-GCGGTAATTCTGGAGCTAATACATGCTACAA-3') for the melting curve assay was end-labeled with a 3' fluorescein. The acceptor probe (5'-CCCTTCACGTTGTGTGAGGG-3') was positioned two bp downstream of the 3' end of the donor probe and was end-labeled with a 5' LC Red 640 and a 3' phosphate group (Synthegen, Houston, TX, USA). A cytosine located five bp from the 5' end of the acceptor probe produces a C:A heteroduplex when hybridized with SD-derived DNA and a C:G base pair with SC-and AB-derived DNA.
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Melting curves were generated in a LightCycler TM (Roche, Mannheim, Germany) with equal concentrations of unpurified PCR-amplified DNA, 3.25 mM MgCl 2 , and 300 nM of each probe in glass capillaries (Roche Molecular Biochemicals, Indianapolis, IN,USA).
Each assay consisted of an initial denaturation step of 0 s at 95º C, followed by annealing at 45ºC for 15 s and ramping of the reaction to 80 o C, at rates between 0.2º C/s to 0.5º C/s. Fluorescence was detected continuously and the instantaneous rate of fluorescence change was determined by calculating the negative derivative of the melting curve. Plots of the negative derivative of fluorescence versus temperature yielded one or two distinct peaks depending on whether one or both SNP variants were present in the sample. These peaks correspond to the temperatures at which there is a maximum instantaneous rate of fluorescence loss due to melting of the acceptor probe from homo-and hetero-duplexes.
In our assay, there was a tight linear correlation between the relative frequency of SNP variants and relative melting peak heights (Fig. 1) . This relationship was used to quantify the relative frequencies of each SNP in a DNA or cDNA pool (see Lyon et al.
(2001) for a related method). Standard curves were generated by combining populationspecific PCR-amplified products in ratios of 5:1, 2:1, 1:1, 1:2, and 1:5 (i.e., relative frequencies of 5/6, 2/3, 1/2, 1/3, and 1/6) followed by melting curve analysis in parallel with unknown samples. In a few samples, the ratio of SNP variants inferred from a hybrid fell outside of the range of the standard curve. Ratios from these samples were calculated by extrapolating from the standard curve. This was done to indicate that both SNP variants were detected in such samples and to distinguish them from samples in which we found no evidence of both SNP variants. When only one SNP variant was Flowers and Burton, page 13 detected, the frequency of the undetected SNP was inferred to be less than 1/6 and assigned a value of zero.
The validity of the SNP quantification method was independently verified with a restriction assay. The 18S rRNA gene was amplified with a second pair of primers (F:
5'-AGTCATATGCTTGTCTCAAAG-3', R: 5'-GGATGAGTCCGGTATCG-3') that flanked the T189C SNP. PCR products were digested with Dra III and population specific fragments were quantified by densitometry with a ChemiImager 5500 CCD imager with AlphaEase FC software (Alpha Innotech Corp.). The FRET hybridization probe assay readily distinguished between the two SNP variants in PCR-amplified DNA and cDNA pools. In melting curve assays, the melting Flowers and Burton, page 15 temperatures of the acceptor probe from the targets were 60-62 ºC for the SD-derived SNP variant and approximately 67-69º C for the variant specific to the SC and AB populations. In Figure 1 , the difference in melting temperature can be seen in a plot of the negative derivative of the melting curve ("melting peak profile"), where the peak at approximately 60 o C corresponds to the SNP variant from SD and the peak at approximately 68 o C corresponds to SNP variant from SC. This facilitated easy discrimination of population-specific rRNA transcripts and rRNA genes from individual hybrid copepods.
RESULTS

SNP detection:
In our assay, the relative melting peak height from each polymorphism was tightly correlated (r 2 = 0.99) with the relative frequency of the two SNP variants in a sample (Fig. 1) . This relationship allowed us to quantify the relative abundance of populationspecific transcripts and multi-copy rRNA genes from cDNA and genomic DNA derived from a single hybrid. The relationship between the ratio of melting peak height and the ratio of each SNP variant was linear over a range of values between 5:1 and 1:5 (Fig. 1) .
However, inferences outside this range were frequently impossible because more skewed ratios sometimes failed to yield two distinct melting peaks. As a result, the presence of a SNP at low frequency (< 1/6) may not have been distinguishable from its absence in a pool of PCR products. The linear relationship established in the melting curve analysis was independently verified with a restriction enzyme-based densitometry assay (Fig. 2) .
A plot of the relative frequencies of the T189C SNP variants shows a strong correlation (r 2 = 0.89) between estimates from the two techniques.
Flowers and Burton, page 16 F 1 hybrids: Figure 3 presents melting peak profiles from typical F 1 hybrids from the SD X SC and AB X SC crosses and their reciprocals. In each plot, one profile represents the melting curve obtained from rDNA amplified from genomic DNA isolated from a single hybrid. The other represents the cDNA profile derived from rRNA extracted from the same animal. rRNA gene copies from both populations were evident in genomic DNA of F 1 hybrids as expected. In the majority of F 1 samples, transcripts representing only one of the two parental rRNAs were detected in the cDNA (Fig. 3) . This pattern of transcriptional dominance was the same for all F 1 hybrids with AB genes dominant over SD in the SD X AB cross and SC genes over SD in the SD X SC cross. These results establish a clear pattern of nucleolar dominance in the F 1 generation and show that the dominance relationship is independent of the population origin of the maternal parent.
The results from 39 F 1 samples are illustrated in Figure 4A and 4B. In each plot, ratios of population-specific copies of rRNA (y-axis) or rDNA (x-axis) are expressed as SD/(SD+SC) for SD X SC crosses (Fig. 4A ) or SD/(SD+AB) for the SD X AB crosses (Fig. 4B) . Each point represents the ratio of population-specific rRNA transcripts and the rDNA ratio estimated from the genome of a single F 1 hybrid. The codominant expectation in these plots is indicated by a dotted line. Points above or below the line suggest dominance in rRNA gene expression. The results in Figure 4 indicate a strong bias in F 1 hybrids favoring rRNA transcription of AB or SC over SD rRNA genes. In a few F 1 hybrids, both population-specific transcripts were detected (Fig. 4) , but transcription in all cases was strongly biased against SD genes.
Flowers and Burton, page 17 F 2 hybrids: Melting peak profiles from F 2 hybrids showed a range of expression phenotypes in the SC♀ X SD♂ cross (Fig. 5, Fig 6A) . In contrast to F 1 hybrids, in some cases, F 2 hybrids showed partial dominance or codominance in rRNA expression. This is illustrated in melting peak profiles in which SNP variants are detected at approximately equal proportions in both genomic DNA and cDNA (e.g., Fig. 5 C, E, F). Hybrids with partial dominance or codominant phenotypes are located on or near the dotted line in Fig.   6A and had a range of SD rDNA gene dosages. This is evident in Figure 6A which shows that hybrids with relative complements SD rDNA of less than 1/6 to greater than 5/6 showed evidence of partial dominance or codominance in rRNA transcription.
The pattern of rRNA expression inferred from seven SC♀ X SD♂ F 2 hybrids showed complete dominance similar to the F 1 generation. In these samples, population-specific transcripts were detected from only one source population (e.g., 5D). In all cases where complete dominance was inferred, the dominance relationship was the same as observed in the F 1 with SC rRNA genes dominant over SD. Finally, 2 hybrids in the SC♀ X SD♂ cross were inferred to have rDNA from only one population consistent with recovery of parental rDNA genotypes. In one SC♀ X SD♂ hybrid, we were unable to detect the presence of SC ribosomal genes, but we detected both SD and SC SNP variants in the cDNA. If SC genes were present at low frequency (e.g., as a result of segregation of two or more unlinked arrays, see discussion) then they may not have been detected in our assay. Results from the AB♀ X SD♂ cross are summarized in Fig. 6B . Only four of 16 When constructs with X. laevis regulatory elements are co-injected into oocytes with constructs containing X. borealis regulatory sequences, the pattern of transcripton mimics the dominance relationship observed in the hybrids (i.e., minigenes containing the X.
laevis spacer are dominant to constructs with the X. borealis spacer). While these assays have clearly established that transcriptional dominance could be determined by competition for limiting transcription factors, definitive evidence for the action of enhancer-imbalance in a chromosomal context has not been established in hybrids of Xenopus or any other organism (Caudy and Pikaard 2002) .
The unusual structure of T. californicus IGS provided an opportunity to evaluate whether enhancer-bearing subrepeats are essential for nucleolar dominance in vivo. We found that F 1 hybrids from two inter-population crosses show uniparental silencing of rRNA transcription despite the absence of internal subrepeats in the IGS. Consistent with other studies of nucleolar dominance, the pattern of dominance was highly repeatable among hybrid individuals from both crosses and was independent of the direction of the cross.
This finding is significant because it suggests that nucleolar dominance in other species may be established and maintained in the absence of IGS subrepeats and challenges the generality of the enhancer-imbalance model. This highlights additional questions about whether the mechanism that produces nucleolar dominance-like expression of Xenopus minigene constructs is responsible for nucleolar dominance in the chromosomal context of a hybrid nucleus (Caudy and Pikaard 2002) .
The pattern of partial dominance or codominance observed in F 2 hybrids from the SC♀ X SD♂ cross is also inconsistent with predictions of the enhancer-imbalance model. A simple transcription factor titration model predicts that transcriptional dominance may be relaxed when there is a low dosage of the dominant array (e.g., Chen et al. 1998) . In this situation, transcription factors may not be limiting and transcription of the underdominant cluster could occur. In T. californicus, there are at least two unlinked clusters of rRNA genes in (Burton et al. 2005) . Therefore, F 2 intercross hybrids in the SC♀ X SD♂ cross can differ in dosage of the dominant and under-dominant genes due to segregation in the Arabidopsis suecica backcross hybrids has been interpreted as evidence against a transcription factor titration model (Chen et al. 1998 ).
Studies of inter-ecotype hybrids of A. thaliana also show a partially dominant or codominant transcription of rRNA in advanced generation hybrids. Lewis et al. (2004) reported that nucleolar dominance in F 2 hybrids between the Cvi and Ler ecotypes ranged from partial dominance to complete dominance similar to the results reported here.
Examination of F 8 hybrids in the same study also found a range of dominance phenotypes. However, complete dominance was restricted to genotypes homozygous for the Cvi chromosome 4 nucleolar organizer (NOR) and the Ler chromosome 8 NOR.
Interestingly, the pattern of rRNA expression was found to segregate in the F 8 generation
as not all hybrids with the Cvi NOR4/Ler NOR8 genotype showed nucleolar dominance.
This observation was partially attributable to an unlinked QTL (Lewis et al. 2004 ). The presence of hybrids with partial dominance/codominance and others with complete dominance in the SC♀ X SD♂ cross is also suggestive of a modifier locus segregating in this cross. simulans genes (Goodrich-Young and Krider 1989) . This is consistent with a prediction of the enhancer-imbalance model--when transcription factors are not limiting, the underdominant genes may be transcribed. However, demonstration of chromosomal position effects on the pattern of dominance (Durica and Krider 1978) suggests that enhancer-imbalance by itself is insufficient to explain the situation in Drosophila (Reeder 1985 , Pikaard 2000a . In plants, tests of the enhancer-imbalance hypothesis have suggested that nucleolar dominance is unlikely to be attributable to competitive differences in the ability of rRNA gene clusters to sequester transcription factors (Chen et al. 1998 , Frieman et al. 1999 . Instead, there is direct evidence that epigenetic modification including DNA methylation and histone deacetylation contributes to rRNA silencing Pikaard 1997, Lawrence et al. 2004 ). Such epigenetic changes are thought to collectively modify the chromatin state of the underdominant array making it refractory to transcription. 
